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I. L N T B O D U C T I ON

In order  to c a r r y  out the i r  assi gne d m i ss i o n s , satellites must  not  onl y

f u n c ti o n  with v e r y  hi gh r e l i ab i l i t y ,  they mus t  con tinue  to do so f o r  long

pe r iods  of t ime .  As t ime passes, the p reven t ion  of con tamina t ion  on c r i t i ca l

t h e r m a l control  and optical sur faces  becomes more difficult . In some appli-

ca t ions , a sma ll change in the solar absorptance , 
~~~~~~

, due to con taminant

effects  can ser iously hampe r the performance of a mission. It is essential,

t h e r e f o r e , that the importance of various sources of contamination be ascer-

tained in orde r that  correct ive action can be initiated . Recent  fli ght data

indica t e tha t t he con taminat io n pro blem is st ill si gnif icant . 1

A number of spacecraft p rograms  have thermal  control surfaces that

mus t operate at cryogenic  tempera tures  and may be in direct  line of sight

with contaminat ion sources. Even surfaces out of d i rec t  line of si ght of out-

gass ing  mate r ial may receive condensate . 2 Extrapolation of room tempera-

ture  collection data to c ryogenic  conditions is di ff icul t, par t icu la r ly  if long-

term exposure effects  are soug ht. Accurate measurements  of contamination

unde r conditions that simulate long-term orbital environments  are  part icularly

needed to est imate operational l i fe t imes for  satellite s with cr i t ical  surfaces

operat ing at cryogenic t empera tures .

Since problems caused by contaminant f i lms on critical surfaces were

f i r s t  discovered, numerous  studie s have been carried out to determine the

outgassing properties of spacecraf t  mater ials .  The standard method of

determining the acceptability of a candidate spacecraft  material is to heat

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the  s am p le iii va~ u u tn  at  I 25 ° C fo r  24 h ou r s . It has  been proposed tha t

t h e  t o t t i  in t s  s loss and the  mate r i a l  depos i t i ng  on a 25 0 C su r face  f r o m  th is

h eated  sourc e  be less than  1~~ and 0. 15~, r e spec t ive ly, of the o r ig ina l  samp le

m .t s s . Th i s  me thod  is excel lent  f o r  the rap id sc reenin g of ma te r i a l s  proposed

f u r  spacec raft  use , but rate s of ou tgass ing  and condensat ion cannot  be deter-

mi ned . A ca l ib ra ted  n i i cr o b a l a n c e  sys tem has been developed that allows the

m e a s u r e m e n t  of outgassin g rate eithe r isothermally or with a monotonic in-

c r e a se  in t empera tu re.  6 Howev er , the rate of condensat ion or possible

r e - e v ap o ra t i o n  of the condensa te  cannot be measured . Another syste m

provides  more  informat ion  b y continuousl y moni tor ing the mass loss of the

mater ial as well as the mass gain of the condensate . In addition, refl ectance

and scat ter in g measurements  of the contaminated surfaces are obtained.

U nf o r tuna t ely , no provision is available for  ident i fying the contamination,

and the syste m suf fers  f rom a non- l ine-of-s ig ht configurat ion between source

and collector . The above systems also have one or more of the following

additional disadvantages;  they are not oil f r ee , outgassing occurs during

evacuat ion , cryogenic  collection of VCM is not possible , and they do not

provide for  in-si tu  simulated solar i r radiat ion of eithe r the source or the

collector .

In this paper , a new automated space simulation facili ty that overcomes

most of the cited def ic iencies  of earl ier  de s igns is described . Measurements

a rc  d iscu ssed , and the results of a number of outgassing experiments carr ied

out on this  faci l i ty  are analyzed .

-8-
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II. IN S T R U M E N T A T I O N

A. C H A M B E R

The VCM apparatus  (Figs.  I and 2) is an oi l -free stainless steel vacuum

chambe r that is pumped by a l iquid-ni trogen-cooled molecular sieve sorption

pump and a Pe r k i n - E l m e r/ Ul t e k  100 1/ sec  ion pump. There are no pol yme ric

sealants or insulation within the chamber.  Seals are made with copper gaskets

and glass-to-metal  seals; electrical insulation is achieved by encirc l ing bare

coppe r wire with ceramic beads. In contrast  to previous systems , a tubu lar

cryoshield at -196° C extends around the outgassing source (the specimen)  and

up to just in f ron t  of the collectors. This a r r angemen t  res t r ic ted the experi-

ments to measur ing onl y l ine-of-s ight contamination. 
2 Demand of liquid

n i t r o gen through the cryoshield was controlled by a novel two-tank sequencer .8

B. COLLECTION APPARATUS

1. DOUBLE QUARTZ CRYSTA L MICROBALANCE (DQCM)

The mass sensing element is a 1 .5 - in .  X 0 . 7 5 - i n,  sing le c rystal wafe r

of quar tz , resonating at 5 MHz , of the type developed by Termeulen , et al. 9

Approximately 50 A of chromium , followed by 3000 A of gold , is vacuum

deposited onto the quar tz  to form the collecting and re fe rence  electrodes ,

as shown in Fig. 3. Resonance ac ross both referenc e and collector sides

of the quartz crystal is induced by a Mille r osci l la tor  in conjunction with a

$ mixer— amplifier  output circuit. In operation , the collector side of the c rys-

tal is exposed to mass deposition , whereas the re ference  side is protected 

-9- 
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f r o m  inas  s d e p o s i t  ion by a m a s k . It is i m p o r t a n t  t o  make  the - ol l ec t  ing

elect rod e m o r e  m a s s i v e  than the re fe  rence  e lec t  rode in  o rcl e r to avoid  c rys  -

tal  f r equency  i n s t a b i l i t i e s .  Apparent ly,  t he a c t i v e  po r t ions  of the two c r y s t a l s

h ave a s t r o n g  tendency to mechanical ly couple in the reg ime of near  mass

equi valenc e . An addi t iona l  500 A of gold deposi ted on the collecto r side of

the crys tal is genera l ly  su f f i c i en t  to ov er c o m e  th i s  problem.

The qua r t z  is suspended f r o m  an oxygen f ree  h i g h - c - o r .d u c t i v i t y  (OF ’IIC )

copper  baseplate by using 0.004 in. diam gold wi re , soldei~. rl to the f r o n t

face wi th  indium . Such a moun t ing  m i n i m i z e s  mechan ica l  damp in g and

cr ystal  s t ress  caused by diffe rent ial  t he rma l  con t r ac t ions .

Two types of A T - c u t  c r y s t a l s  were used in the present  stud y, one cut

at 35 ° 10’ and the othe r at 3 90  49’ . Beat f requency profi les over tempera-

tures  of -140 to 25 ° C showed small shift s that amounted to 30 Hz and 200 Hz ,

respectively. Absolute shifts were on the order  of 13 kHz . These low beat

f r equency  shift s indicate , in effect , that thi s type of c rys ta l  monitor has good

inheren t  tempera ture  compensation. Normally, two crystals  must be mounted

independently in the same vicini ty in o rder  to achieve s imilar  t empera tu re

compensation .

Vacuum-evaporated aluminum fi lms of var ious  th icknesses  on the

monitoring side of the c rys ta l  yielded an average mass  sens i t iv i ty  of

58.6 l-tz -~~g~~~-cm 2, which is in reasonable agreement  with the theoret ical

-1 2 10value of 57. 5 Hz-~I.g -cm for  an AT-cut 5 MHz quar tz  c ystal.

- 13—
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-~ . 1~\ T F : P~\ A L  R l 1’ I J - ; c l A N u ~ ; l L 1 M 1 N l ’  ( I R E )

A t r t p t - L O I ( l t 1  4~~° Ut K R S — 5  in t e r n a l  r e f l ec t ance  el e m e n t  s e r v e s as a

co l l e c t i n t .~ s u b s t rat e  fo r  in f r ar e d  (IR ) id e n t i f i c a t i on  of the  condensa t e. It is

located immediatel y be low the quar tz  c rys ta l  mic roba lance  Fi g. 4. I n f r a r e d

spec t r a  were  t aken  a f t e r  each test , at ambient  condit ions,  on a Perk in  E l m e r

I R  s pe c t r o m e t e r  (Model  4 b 7 )  equi pped with a IRE  holder a c c e s s o ry .

3 . RESIDUAL GAS A N A LY Z E R  (RGA )

A qua.~~~ poIe residua l gas analyze r  (Electronic Associates Model

Quad 20O~ is also used for  mass  identification of the outgass ing mate r ia l

( F i g .  1) .

C. T E M P E R A T U R E  C O N T R O L S

T he outgass ing  source ( spec imen)  holde r and the base to which the col-

lec tors  are  attached a re  made of copper for  rapid and uni form t empera tu re

accommodation. Source t empera tu res  can be set at -196° C or adjusted be-

tween 25 and 125 ° C with a c a r t r i d ge heater  in con junc t ion  with an API (Model

503 K) t empe rature  controller  (API Company ) and an i ron-constantan  thermno-

couple .  Temperature  control  of the collectors can be maintained between

- 140 and ~125 ° C b y controlled heating of the cooled copper base. Heat

conduct ion prevents  lower tempe ratures at the collectors.  The collectors

and c ryosh ie ld  t empera tures  are monitored by copper-constantan thermo-

cou ples refe renced to a junction at 77 ° K.

D. V A C U U M  ULTRAVIO LET SOURCES

M e r c u r y  vacuum ultraviolet lamps with Suprasil windows are attached

to the test  chambe r such that either the condensate or the specimen can be

• L 
• - .  - -  
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i r r . td i a t e d  in s i tu . Powe r to the lamps  is supp lied by a R a y t h e o n  PGM l O X !

m ic r o w a v e  power  (2 . 45 GHz ) supp ly wi th  a “C” type  a n t e n na . The pa r t i t i on

p r e v e n t s  d i r e c t  u l t rav io le t  i r r a d i a t i o n  of the o u t g a s s i n g  source  d u r i n g  conden-

sa te  i r r a d i a t i o n . S i m i l a r ly, the col lector  base p r e v e n t s  i r r a d i a t i o n  of the

condensa te  d u r i n g  specimen i rr ad i a t i on. It is necessa ry  to proper ly  shield

the  rf ~int cnna  in order  to p reven t  oscillator ins tabi l i t ies .

The photon flux at a d i s t ance  of 27 . 9 cm f r o m  the source was measured

a t \ - 184 . 9  and 253. 7 rim b y u s ing  the n i t r o u s  oxide ac t inomete r ’~~~
12 and

the po tass ium f e r r iox ~~late chemica l  ac t inometer , 13 respect ive ly. Flux den-

s i t i e s  w e r e  calculated to be ~- 1 O ~~~ ph ot o n s/ c m 2 at both p r i m ar y  wavelengths.

At these wavelengths , the level of i r rad ia t ion  was calculated to be about

3 . 1 t i me s  the powe r of the sun . 
14

E . MICROPROCESSOR DATA ACQUISITION SYSTEM

Changes  in the DQCM beat f requencies  as mater ia l  is deposited or re-

evapora ted f rom the unmasked  side of the c rys ta l  is displayed on a Heath

dig i ta l  f r e q u e n c y  coun te r  (Model SM-104A) .  The f r e q u e n c y  data a re  re-

c o r d e d  d i r ec t ly by a di g ital p r i n t e r , or indi rectly onto a casset te  tape fo r

pe rmane nt sto rage. Di rect  recording is done with a Texas In s t rumen t s

Silent 700 ASR te rminal  l inked to a CDC 6400 computer  system.  In this

case , the sampling rate is c ontrolled by a Var ite l  DAC-80 con t ro l le r

coupled to a NLS multichannel scanner . Alternatively, a Hewlett Packard

(Model 562A) p r in te r  can be used to obtain an immediate ha rd copy of the

f requency  data. Here , the data are  subsequent l y key punched and batched

throug h a CDC 7600 compute r . Disk f i les within the CDC 7600 system are

-16-
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a is ’> c ri  u t  t ( l  to pe i . u i  u t  m a n  1 p u l a t iun  of the  (l iL t  u n t o  f I n d  1 fo r u and to pe rn i it

p I t > t t  i n g  by a u nu l t i p en  Ca l— ( omnp  p lot ter.  For  the la t te r acqu is i t ion  sy s t e m ,

a spe i-r a l l y bui l t  pulse u n i t  con t ro l s  the data samp ling in te  rva l f r o m  I sec to

1 hr .  A 10 m m t im e  in t e rva l  p roved  to be mos t  c o n v e n i e n t .  The t ime  pulse

genera to r was protec ted  f r o m  t r ans i ent  lin e si gna ls by using an isolat ion

t r a n s fo rn - ue r.

F. TRANSFER VESSEL

A large metal  bellows located on the top side of the vacuum chamber  is

des i gned fo r  e x - s i t u  ul t raviolet  and v is ib le  spect ra l  m e a s u r em e n t s  of the

condensate  unde r actual  collecting conditions , i. e. , low temperature and

vacuu m. By the compress ion  of the bellows , the collector assembly passes

u n t o  a la tching cove r in the base of the chamber . An indium gasket serve s as

a sea l. When the latches are in place , the ent i re  assembly,  including the

cove r (with appropr ia te  optical windows), can be re moved f r o m  the sys tem

afte r the res t  of the chambe r has been back-filled with dry  n i t rogen.  This

p a r t i c u lar fea tu re  was not used in this  invest i gation .
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III. E X P E R I M E N T A L

A. MATERIA LS A N t )  SAMPLE I~R E PA RATION

The RT V-6 15 samp les , pol y d i met h y l s i l oxane  f r o m  G e n e r a l  E lec t  n c - ,

w e re  p repa red  in disk fo rm according to aerospace i n d u s t r y  s tandards b y mix-

ing ~~~~ w t  ~ R T V - 6 1 5A  pol ymer and 9. 09 wt % R T V - 6 1 5B  cur ing  agent .

The R T V - 5 6 6  sample , po lymeth yipheny ls iloxane  f rom Genera l  E l e c t r i c ,

w a s  prepared according to aerospace s tandards  b y mixing 99. 8 wt  %

R r\ ’ -566A pol yme r and 0. 2 wt % R T V - 5 6 6 B  cur ing agent .

The Kapton sample , a 3 -mu pol y imide fi lm , was used as - rece ived

f r o m  the m a n u f a c t u r e r, DuPont Corp.

Samples were  cured in a desiccator  at room tempe r a ture  fo r  seven

da ys .  No effo rt was made to precondi t ion the samples fo r  h u m i d i t y  and

tem pe ra ture  p r io r  to use .  The R TV samples were cast  d i r e c t l y into a coppe r

mo ld of disk design and attached directl y to the copper spec imen holder . f l i t

Kapton f i lm was cut to disk size and kept in place by a fas tened w i r e  s cr e en .

B. PROCEDURE

Pr ior  to each expe riment , the system was baked at 125 ° C f o r  48 h r .

A vacuum of ~~~~ to 10~~ tor r  was ultimately achieved. With the c ryogen i c

shroud at -196° C , bac kground contamination rates were reduced to negli-

4 . gible amounts , 0 .25 pg-cm 2- min~~
1, as measur ed by the f requency  of the

00CM at -140 ° C.

Specimens were attached to the sample holder and fixed into place afte r

f i r s t  closing off the pumping system and backf i l l ing  the chamber  with dry

-19- 
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n i t  1- ogen  So r pt ion p u m p i n g  b r  ap p r o x i m a t e ly 10 m m  r e d u ce d  t h e  - h , , m u i l o -

p r c s s u i r t -  t o  t u r r , a f t e r w h i c h  the  sample  wa s  f r o z en  to — l  ~)U ° C. T h i s

• c ( / i n ”  p r o c e d u r e  wa s  n e ce s s a ry  i n  o r d e r  to p r e v en t  p r c - m n a t u i - > -  o u t g a s si n c

At t h i s  point , the  c h a m b e r  was s w i t c h e d  f r o m  so rp t i on  pumping  to ion pump-

in g. The c r y o g e n i c  s h r o u d , the DQCM , and the  IRE w e r e  then cooled to t h e i r

r e s p e c t i v e  t e mp e r a t u r e s.

Onc e t h e  v a c u u m  had been a t t a ined  and the  sys t em t e m p e r a t u r e  equ i l i  -

h r a t , - d , the  s o u r c e  was heated to the  d e s i r e d  t e m p e r a t u r e  as rapidl y as possi-

h i > - . Equi l i b r i u m  source  t e m p e r a tu r e  was ach i eved  in a ma t t e r  of minutes .

rhe t ot a l  mass  of m at e r i a l  collecting on the DQCM was measured every  10 mm

by au toma t i ca l l y  recording the DQC M beat f r e q u e n c y .  Total col lect ion t ime

v a n > - ’ !  f r o m  I to 5 days .  I r r ad i a t i ons  were  s tar ted as indicated in Table 1.

Each exper iment  was te rmina ted  b y allowing the DQCM and IRE to

ccii slowl y to 2 5 ° C. Subsequent ly, the LN 2 shroud  was also allowed to

w a r m  to room t empera tu re .  Then , the system was onc e again backfi l led

wi th d r y  n i t r o g e n , the IRE was removed , and an IR spectrum was taken.

It was a s s u m ed that the con taminant  film on the IRE was representat ive

oi the f i l m  fo rmed a t low tempe ra tu re .  This assumption may be jus t i f ied

somewhat by no t ing  that  ( 1)  the m o r e  volati le ma te r i a l  deposited f i r s t , (2)  the

f i r s t  severa l  l aye r s  of an adsorbed fi lm is d i f f i cu l t  to remove even by the rmal

t rea tment , and (~~) the irradiated condensate , which undergoes less re-

evapora t ion  when warmed , has a similar IR spectrum to that of the unir radiated

cond ensa te . Total mass loss of the specimen was determined by simply

weig hing the sample on an analytical balance (± 0 . 5 mg)  before and afte r the

expe r inient.
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IV . T H E O R E T I C A L  CONSIDERATIONS

It is n e c e s s a r y  to de lineate  the re la t ionsh ip between the m a s s  of

material as collected on the DQCM and the total VCM emit ted  by the source .

For this purpose , equations were derived by analogy to the field of illumi-

nating engineering. 
15 Derivation of the equations are given in some detail

because previous derivations of similar relationships were either superficial

16
or did not apply to the present geometry.

The quantity of material emitted at an angle 0, M~ , is related to that

emitted perpendicular to a planar outgassing source, M , by Knudsen ’s cosine law:

Me M cos 9 ( 1 )

Howeve r , to relate the mas s per unit area on the 00CM [(m/A ) DQCM I

to the  total  VCM , M T, a r e l a t ionsh ip between M T 
and M~ must  be es tabl ished .

Consider first the situation where the 00CM is affixed to the inside surface

of a hemispherical cup that encloses the outgassing source at its cente r

(Fig. 5). If the source to collector distance R is assumed to be sufficiently

la r g e , then to a f i r s t  approximation , one may w r i te , f ro m the inve r se

square law ,

M cos 8
j r n~ - _____

‘00CM R DQCM

., 
_ .

__ _ _
• ,

_ _ 
- ~~~~~ - ,  .—
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DQCM ’.’.
~~~d, ~~~~

Fi g u r e  5. G e o m e t ri c a l  c o n s i d e r a t i o n s  for
so lving  r e l a t i o n s h ip of M T to M~

p
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N ow t ’ ~ : n t e g r a t i n g  t i n -  t o t a l  mass  deposi ted over  the avai lab le  h e m i s ph e r i c a l

~c c i r t a  4 , fle i o n  r e l a t e  N I .  - t o  M , i.e.,I p

m A M  c o s B d A
M

T = f dm = -( R
2

The  s t a n d a r d  method  of e v a l u a t i n g  t h i s  i n t e g r a l  is to c o n s i d e r  dA as the

a r e a  c o n f i ne d  to  a r i n g  of width  dl and of r ad ius  Rsin  0 (F i g. 5 ) .  Since

dl - R d k ~ and the  c i r c u m f e r e n c e  of the  r i n g  is Z~~Rsin  0

-n- I 2
M
T 

= 2 -yr f M sin 9 cos 9 d9 1TM (4)

In order to calculate (m/A)DQCM for the case where the source and

the DQCM are nonparallel (Fig. 6), an angle correction 1I (the angle between

the normal to the DQCM surfac e and the radius R) must be used . Again , R

is large relative to the dimensions of the s o u r c e .  In this case , subst i tu t ion

of M T/ -mr for M~ in Eq. (2) and multiplication by cos ~ to take into account the

collector angle dependency, yields

M cos e cos~~(dm \ - T

— 
‘00CM irR

For a source size that may be comparable to R , the relationship

between (drn/dA) DQCM and M T is found as follows .

In the case of a large disk source , the disk is divided up into a ser ies

of concentric rings such that each ring has an area of do = Ziixdx (Fig. 7).
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DQCM~~~~~~~~~~~~~~~~~~~~~~~~

Fi g u r e  6. G e o m e t r i c a l  c o n s i d e r a ti o n s  fo r  so lving
r e l a t i o n s h ip of m a s s  on DQCM to M T
when source and collectors are
n o n p a r a l l e l
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-L
dx l

DQCM-~~
SOUR CE

Fi g u r e  7. G e o m e t r i c a l  c o ns i d e r a t i o n s  for  s o l v i n g  r e l a t i o n s h ip of m a s s
on DQCM when source  is l a r g e  r e l a t i v e  to c o l l e c t or - s o u r c e
d i s t a n c e

I
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F or  each d i s k , R is once  a g a i n  l a r c ~r r e l a t i v e  to t h e  d i m e n s i o n s  of t he  s o u r c e ,

th erefore Eq. ( 5 )  a p p l i e s .  Now , M r 
- Mc , w her e  M is the  m a s s  e m i tt e d

f r o m  the  s o u r c e  per  uni t  a r e a , and a is the to ta l  s u r f a c e  a rea  of the  s o u r c e .

For the  case  whe re bo th  sou rce  and co l l ec to r  s u r f a c e s  are  p a r a l l e l  and

coaxia l , the subs t i tu t ion  o f

a = J d c ~, x=Ltan 8, d x = L s e c
2

e d8, and ~~ = 9

into Eq. (5) yields

(ri) = ZM cos 8 sin 9 d9 Msin
2 

B (6)
DQCM o

or

/dm\ - 
Mr 2

‘~~~
1DQCM 

- 

r2 + L
2 

(7)

From the r e l a t ionsh ip  M = M T/i, , and the fact  that  o is the a rea  of the source ,

i .e., irr 2
, M = M T/ -rr r 2 

can be substituted into Eq. (7). Since L
2
>> r2 for

this  fac i l i ty (L = 17. 4 cm, r = 1. 2 7  cm) , then

M
idmi - T

~~~~ j DQCM Tr L2
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It c - t n  he shown , b y c o n s i der a t i o n  of K n u d sen ’ s la w, tha t  the d i s t r i b u t i o n  of

c o n den s a t e  on the DQCM was u n i f o r m  to wi th i n 0. 04’~ (active electrode area

~~1 cm ) .  Thus , ( dm / d A ) DQCM m a y  be rep laced by (m / A ) DQCM ; hence ,

( m/ A ) DQC M = M T / r L 2 
(9)

f o r  the VCM fac i l i ty desc r ibed  he re in . 
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V. RESULTS AND DISCUSSION

-\. VOLATIL E ( ;o N I ) l - : N sA 1 ~LE M A T E R IA L ( V C M )  AM)

TOTAL MASS LOSS (T M L)

The exper imenta l  condit ions and resul t s  fo r  the three  samples tested

( R T V - 6 15 , R T V - 5 6 6 , and Kapton )  a re  g iven i n Tables  I and 2 . The VCM ,

g ive n in units  of m i l l i gr a m s  per s te rad ian , was ca lculated b y mul t ip lying

the obse rved  mass  per  unit  a rea  on the DQC M by the square  of the s o u r c e -

to -co llecto r d is tance , i. e. , ( r n / A) L
2 . Eq uation (9) der ived in the preceding

sec t ion was used to calculate the total vola t i le  condensable  m a t e r i a l  (TVCM )

emitted f r o m  the source .  The p ercent  volatile condensable ma te r i a l  remain-

ing  on the DQCM after the collectors were warmed f r o m  -140 to 23 0 C is

given in the last column of Table 2.

For the RTV-61 5  samples , a nea r mass  balance existed between the

total emitted VCM as calculated by Eq. (9) and the total mass loss (TML)

of the sample . This indicates that little, if any, non con densable ma ter ia l

was emitted by these samples. It also imp lies that  the theore t ica l  deriva-

tion is fundamentally correct .  Low collection ef f ic iencies  (i. e .,  low T V C M /

TML rat ios)  observed in experiments 2 and 3 resulted f r o m  the source being

exposed to extended vacuum or heat fcllowing the DQCM measurements  or
—.

both . In part icular , experiment  2 was simila r to experiment I in that the

source was heated serially at 23 0 C and then at 100 ° C. Loss of coolant in the

cryoshield dur ing the second portion of experiment 2 precluded VCM measure-

ments when the source was heated. Therefore , only the 23 ° C VCM results are

- 
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pr e s e n t e d . h oweve r, the sample continued to lose mass during the 100 0 C

h ea t i n g  per iod , and this resulted in the low collection efficiency. Th- collec-

tion efficiency given for experiment 2 is nevertheless correct for the por t ion

m e a s u r e d  because almos t the same rat io was obtained for  the f i r s t  par t  of

experiment 1.

The hi gh collection e f f i c i ency  observed for  Kapton (exper iment  10) , can

be readi ly exp lained b y the inheren t l y large e r r o r  in TML. A collection

ef f i c i e n c y  greate r than  100% indicate s that more mass was emitted and col-

lecte d as VCM than was foun d by weig hing the specimen before and af ter  the

outgass ing  exper iment.  Apparently,  ab sorbed at mospher ic gases lost as

VCM f rom the specimen are rap idly regained on subsequent exposure to the
17 -atmosphere.  Thus , the measured TML value is too low , and consequ ent ly

the collection eff iciency become s hi gher than physically possible.

The low collection efficiency observed for RTV-566 appears to Le a

result  of a relatively hig h level of noncondensables.  A 0. 22% TML value fo r

the RTV-566  compares favorab ly  with value s of 0. 23% and 0. 27% reported b y

others for  a s imilar  RTV- 566. 18 Howeve r , thi s agreement  may be more

for tu i tous  than real (see discussion below).

TVCM percentage values calculated for  the th ree  samples tested fe l l

within the expected range of values reported by others , i. e . ,  1. 54% (experi-

ment  5), 0. 055% (experiment 9), and 0. 88% (experiment 10) versus  0. 83%,

0. 0 to 0.03%, and 0.03%, respectively. 18 (Percent TVCM was calculated by

dividing column 6 of Table 2 by column 3 of Table I and multiplying by I 00. )

The hig her levels of TVCM in the present  experiments may not be only a

-33-
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t c f l S ’  ~~~f l t  e ,t t h e  lowe r o u t - e l t o n t r i n 1 , i 1 c t I r t  (~~I ) O 0 ( .  v e r su s  ~ 5 ° C) ,  t r a y

m a y  c~- ( i t i  i l so I (h i l t  N~~r 1 i c 5 i n  s c o  p ie g e o u i ’ t r v .  i s  d i s~~c i a s e d l i t e r .

wi - r i -  e r i f l h h t i c t i - C I  p z - i n i a i - i l y w i t h  R I  V — c l ~ h i i  d U S (  i t  W a s  r c - i ( i t l y

I b t a t f l a l ) l ,  m l  } i vl s u f f ic i e n t l y 1 >  r g ( -  o u t g a s s i n L ~ r i l e  t h a t  c h a n g e s  due I i )

‘ l i H i - r i n g  ~ o n d i t i ü n s  could  1)> - - i h s t i v e t l . U n l e s s  s l c t c - ( I  o t he r w i s e , t h e  ( I l S I US —

m m  h i - i - c c o n c - r n s  t he  R I  V — h i S  s a m p l e s .  A t y p i c a l  o u t m . ~- 5 s i ng i U I ~V t  t > u -

t h i s  r i a t c -  c i i i  is s h o w n  in J - i ~ . 8. It m u s t  be p o i n t e d  out t h a t  s u b s t a n t i a l

a t  i i f l t ~~ at  m~~t - r i a l  \ v c l i - s t i l l  ou t i~a s s i nm.~ af l ( l  ( h - p o s i t i n g  as V C N 1  f o r  t i r i c e S

g r i -a te  r t h a n  ~ 4 Ii r ( 1 4 .  4 ~ m i n i  at both - 1 40  a n d  ~ 3° C c o l l e c t i o n  t e m pe r -

i t  i i  ct - s  - l h t - s  i~ u- esu lts t end  to c ont  r a ( h i  et  t he  ont  lu s i on s  m a d e  b y Mu r ae a

a nd  W h i t  t I  k t h a t  nc -a  n y  a l l  t h e  VCM is  c o lh - t t i - ’ l  in  24 h r  f r o m  100 to

200 u n g  sam p les .
3 Thei  c- o nc l u s i o n s  w e re  ma~le on the  b a s i s  of l a r g e  - s c a l e

‘i i t ~~a s s i ni~ t e s t s  c a l lt d m a c r o  VCM t t - s t s , as opposed to the  fo u - t i ie  r m i c r o

V CM t e s t s , w i t h  4 t o  10 ~ rn s a m p l e s .  T h e i r  mac ro ‘rML values ar e  not  onl y

~r i a - a t e  r t h a n  t he  micro I ML v a l u e s , in one ast -  by a l m o s t  l0 00~~ , bu t  the

l a r g t -  s ar n p b- s c o n t i n u e d  to s i g n i f i c a n t l y ou tgas  beyond the  2 4 - h r  p er i o d

/
l ahie 3).

The only agreement between the two tests appears in the TVCNI values

at or  near  the detect ion l i m i t  of 0. 01~~ , w h e r e  r o u n d - o f f  e r r o r s  tend to m a s k

d i f f e re n c e s .  One would have expected the mac ro TVCM to inc rease  as the

m a c r o  T M L  inc reased  because , with t ime , the ou tgass ing  ma te r i a l  becomes

p r o g r e s s i v e ly less volat i le  and thus tends to be col lected more  e f f i c i e n t l y.

Meaning ful TML values can onl y be given if the source  geometry  is

also speci f ied .  In Tables I and 2 , it is evident that , in the case of R T V - 6 1 5 , - 
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10 1 I I
INITIATION OF VUV
IRRADIATION ON VCM~~J3 

_ _ _ _ _ _ _ _ _ _ _

8 - -  -

6 - I” “—VCM PROFILE FROM —

- 

/
7 VUV IRRADIATED SOURCE

2 —  -

I rSOU ACE HEATED TO 100°C , COLLECTOR AT -140°C
[1

— 10 .00 0 10 20 30 40 50 60 10
EXPOSURE TIME (10 2 m m )

Fi g u r e  8 . VCM d e p o s i t i o n  p r o f i l e s  of R T V - 6 1 5 .
expe r imen t  4; - - -  exper iment  8.
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t n  i n c r e a s e  i n  the  t h i c k n e s s  of the ou t g ass in g  source  f r o m  0. 103 C f ) )  to

0. t 0 m ~ cm ( ex p e r i m e n t s  6 and 7)  (Icc r e aSt - ( l  the 2 4 — h r  T M L  f r o m  I .  61 to 0 . 44~~.

A pri ori, one might have- expected the same T M L  value regardless  of samp le

thickness . The 24-hr TML percentage values were calculated from the ra t io

of the collection efficiency (column 8, Table 2), the absolute value of the TVCM

at 24-hr (column 6, Table 2), and the source mass. Although similar results ,

i .e., 1.8 versus 0.5%, could have been found in column 3, d i f f e r e n t  outgass-

ing times for the two samples would perhaps have biased the foregoing con-

clusion. It must be emphasized that most of our samples were equal to or

thinner than 0. 3 cm, which was the upper limit thickness for the micro

tests of Muraca.

On the basis of our experiments and our reinte rpretation of the data

- -  3 .of M u r a c a  and Whit t ick , we believe that VCM can s ign i f ican t ly outgas beyond

the 2 4 - h r  period , and that the rate of outgass ing is d i f fus ion  cont r olled even

for micro samples. It is evident that a sample with a hig h sur face- to-volume

ratio will outgas fa r  more rap idly than a sample of similar composition with

a low surface-to-volume ratio, because , in the latte r case , the outgassing

molecules have furthe r to diffuse than in the fo rmer . Thu s, sample mass

should be normalized to a given surface-to-volume ratio in calculating TML

and TVCM percentages. This outgassin g process will be treated in greater

detail in a subsequent paper.

B. RADIATION EFFECTS

When vacuum ultraviolet (VUV) irradiation (X = 184 . 9 nm)  of the conden-

sate was initiated afte r collection had already begun , the mass f i r s t  decreased

-3 7—

— ~~~~~~~ -, - ~.~~~_2  - ~~~~~~~~~~~~~~ .t- ---~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4 U L  
-- —



~~~1 t i - i  i- -1 t - l cd  o t L  ( 1  1g. ~ ) .  1 1 m m -  l m - ~ i~i - - c s t  tn  i i i ~ is s  v - m S  at t r t h ut a h l e  to  loss

v l~~t i I t - e n  p oi l i - i t s  c i  i s t -d by p l iuto d i  s soc  i c t i  n of th~- c o n d e n s a t e . No

Si~~ n i i i t i i f l  e f f e c t s  on t 1 i t -  \ ( . \1 d c p o s t t m s m n  p r o f i l e  we cm - ob se rved , howeve r ,

w h e n  l i i i -  i r  r m d i ; m t  i nn  w a s  s ta  rtecl at the  sa i -r i m . - ti ne as the  co l lec t ion  (Fig .  9

I i  t h i s  c i s c , the  ra te  of d e p o s i t io n  sw-an ip cd  out  a n y  smal l  ph o t o d i s s o c i a t ion

e f f e t  t .  It should he noted t ha t  w h e n  the  source  was rap idl y cooled to ~~196 0 C,

t n t - \ C M  c u r ve  i m me d i a t e l y f l a t t ened  out , which  indicate s that ou tga s s ing  had

c e a s ed . The l a t t e r  o b s e r v a t i o n  v e r i f i e s  that  background VCM levels were

f l i -  glig ible.

In contrast to the c a s e  w h e r e  the condensate  had not been i r r ad ia t ed, the

L)QC\ l d~d not  r e t u r n  to n m - a r  i ts  base f r e q u e n c y  upon w a r m i n g  to room tem-

pt n a t u re  (Table 
~ ). Apparently, the condensate was fixed to the surface at the

1o\~ t e m per a t u r e  by the V U V  radiat ion through po lymer iza t ion  and cross-

l in k e L~. V i s u a l l y ,  the i r r a d i a t e d  V C M  appeared as a da rk  square  ( u n i r r a dia t e d

V C M  was t r a n s p a r e n t ) .  C ros s - l i nk ing  react ions  were  i n f e r r e d  f r o m  the broad

IR hands  a n d  the relative insolubility of the condensate.  Darken ing  ard f ix ing

of c o n d e n s a t e  by solar i r r ad ia t ion  were also noted on recent Skylab flights. 19

T h i -  f o r e g o i n g  observat ions  have important  implication s for  the common

p r a c t i c e  of heat ing low-tempera ture  cr i t ica l  sur faces  to drive off spacecraf t

contamination. Polymers useful for spacecraft where surfaces are maintained

at 25 0 C or above may  be unsatisfactory for those systems that use low tempera-

tures , particularl y in cases where such surfaces may be exposed to sola r

irradiation .

-
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Figure 9. VCM deposition prof i le  of RTV-61 5  when col lec tors
were  i r rad ia ted  by VUV
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\ t \ i r r  .1(I1~ t t l 1 ) l i  of t h e  s p m - c i n i e n  r t - s U l t e ( I  i n  the  rm ( I I i c t i mn of l o n g — t c r r i i

V (  \ 1 ( 1 - i g .  8~~. A p p - m r t -n t l y ,  the r ad iat ion  f u r t h e t -  c r o s s — l i n ke d  the  cured

R I V  — i t  - - . Thi s  h i d  the  c o m b i n e d  e f f e c t  of r e d u c i n g  the d i f f u s io n  r ;i t e  of the

\ ( \ 1  ft - nm the  h o s t  m a t e r i a l  as well as  r e d u c i n g  the vapo r  p r e s s u r e  of the

p l~ m l -  r . ‘ I l a -  V L V  i r r a d i a t i o n  of the source  also p a r t i a l l y f i x e d  the condensate.

\ t o s t  l ikel y ,  r eac t ive  radials  f o r m e d  in the gas phase reac ted  when they w e r e

depos i t ed  m m n t i the  co l l ec to r s .  Ref l ec t ive  VUV i r r a d i a t i o n  of the condensa te,

a l t h o u g h pos s ib l e , d i d  not appear  l ike ly  because  m o r e  than  one r e f l ec t i on

would  have  been  r e q u i r e d . An inc rease  in the mo lecu lar  wei ght of the  o u t -

g a s s i n g  m a t er i a l  also appears improbab le  because  the in i t i a l  o u t g a s s i n g  rate

was s i m i l a r  to the  u n i r r a d i a t e d  case (Fi g. 8), even thoug h the VUV i r radia-

ti on had been t u r n e d  on p r io r  to the t ime of sou rce  hea t ing .

C. VCM I D E N T I F I C A TIO N

The JR spec t ra  of the collected VCM ( R T V - 6 15 )  had bands at 7 . 9 3  ~im

( S i - C l ! 3 ;, 9 -10  ~m (S i -0 -S i) ,  11. 7 5  ~m (Si -CH 3 ), and 12 . 5  ~m (Si -CH 3 ),

i nd i ca t ing  a methyl silicone c ontaminant  (Fig. 10 ). 
20 

There  was no evidence

of Si -H (4. 4 to 4 .8  am ) ,  SiCH 2Si. (7 . 3 ram),  or Si-CH2 -CH 3 ( 1 3 . 5  to 13.6  ~ m)

- 2 1
linkages.

C r o s s - l i n k i n g  of the VCM by VUV i r r ad i ation may have o c c u r r e d  b y

way of sc iss ion  of the C-H bond in the methy l g roup  with subsequent  forma-

t ion  of Si-C112 -CH 2 -S i -st r u c t u r e s .  This s t r u c t u r e  has JR absorpt ion bands

at 8. 85 and 9. 5 am , which would tend to broaden the Si-O-Si JR absorp t ion

peaks  in the 9 to 10 am region.
22 

Such b roaden ing  was , in fac t , observed .
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Figure 10. Infrared spectra (25°C) of RTV-615 VCM
and RTV-615 parent material
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I i t  i i  t m - n s i t i  c - s  of the  IR a b s o rp t i o n  peak s ~V t-  re  r e l a t ed  to the  am ount

I t  -~ - - 1  r ~ — ,n lm - n s ~m b l e -  r i m a l e i - i a l  r e m a i n i n g  on t h e  c o L i c  c t o r s  ~m f t e r  w a r r i m i n g

to  ( . I - x p m - i i m c f l t s  ~~, 4 , 7 , and 8 had 1. 2 , ~ -l , 8 .9 ,  and ~~~. 5 fi g—

i-c s b ( - c t l vel y.  re m a i n i n g  on the DQCM e f t e  r w a r m u p .  The se em in g ly l a r ge

i r i a l i t  f r e m a i n i n g  condensa te  f o r  e x p e r i m e n t  4 was caused  b y t t e m po r a r y

f a i l u r e  of the c r y o s h i e l d  d u r i n g  the latte r l)art  ( t >  70 x I0~ m m , Fi g. 8) of

the  m - x p e r i r i i e n t  w h i l e  the col lectors  were  sti l l  cold and w h i l i -  the VUV was

st ill on . In spi te  of the t e m p o r a r y  w a r m i n g  of the c ryosh ic id , the c o n c l u s i o n s

re m ch t ± d i - ar l i cr  r e g a r d i n g  the n a t u r e  of the e f fec t  of VUV ir r a d i a t i o n s  rema n

valid .  Loss of the cryoshie ld  was also exper ienced late in e x p e r i m e n t  3, a

case where  the condensate was never  i r r a d i a t e d  b y V U V .  in the latte r experi-

n ien t , however , onl y a smal l  amount  of condensate  r ema ined  behind af te r

w a r m i ng .  The absolute amount of volatiJ e condensable  ma te r i a l  r e m a i n i n g

on the co l lec to r s  of e xp e r i m e n t  4 p rov ides  a good d e m o n s t r a t i o n  of the need

f o r  c r y o s h ie - i d  p ro tec t ion  dur ing  l o w - t e m p e r a t u r e  VCM collection. A hi g h er -

t han-expec t ed  level of condensate  is j u s t  what one would an t i c i pate for  a s y s t e - m i r

t h a t  uses  secondary  sur faces  w a r m e r  than the col lectors  in a n o n - l i n e - o f -

s ig ht c o n f i g u r a t i o n .  2

The IR spec t rum and , hence , the composi t ion of condensa te  may  be

- - -—. quite different than that of the parent material from which the condensate

originated . It should he noted that the IR spectra  of the condensate , partic-

u lar l y the spectrum of condensate f ro m exper iment  3 in the 9 to 10 am reg ion .

is quite  d i f ferent  f r o m  that of the pa ren t  mater ial  in the relative band inten-

si t ies .  Thus , i r rad ia t ion  of deposited VCM , compared with that of thin fi lm s

-42—
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prepa red  f r o m  paren t  mate r ia l  (pseudo VCM),  may  yield qui te  diffe ren t

23r m -sul ts  and c o n c l u sio n s .

Mass spectra l  analysis  of the chamber  gases taken with the RGA

revea led no significant peaks over and above back ground levels. The lack of

mass spectral peaks may have been a consequence of the non-line-of-sight

placement of the RGA relative to the outgassing source . In addition to this

possible de f i c i ency ,  the outgassing levels may have been below the RGA

detection limit. Our findings are in agreement with the observations of

Goldsmith and Nelson, who also found that cold collectors , because of their

t ime-integrat ing effect , can detect compounds missed by an RGA. 24
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VI. CONCLUSIONS

Ai m improved  i n s t r u m e n t  fo r  accura tely m e a s u r i n g  the rate of c o n t a m i n a t i o n

f r o m  i i i a t ~-r i a l s  unde r  a v a r i e t y  of space e n v i r o n m e n t s  has been developed. The

ap p a r a t u s  is p a r t i c u l a r l y  unique because eithe r the outgass ing  spec imen or the

condensa te  may be i r r a d i a t e d  in-si tu while the collectors are main ta ined  at

c r ’o g c n i c  t e mp e r a tu r e s .

V acuum ultraviolet  i r rad ia t ion  of the c ryodepos i t  f r o m  outgassed

R T V - 6 1 5  produces a hi ghly cross-l inked condensate that is nonvolatile at

room t empera tu re .  In the absence of i r radia t ion, however , most  of the

c ry odepos i t  is suff ic ient ly  volatile at room tempera ture  to evaporate.

Ir r a d i a t i o n  of the RTV-615  specimen not only reduces the rate of l o n g - t e r m

outgass ing  but also decreases  the condensate volatility.

Specimen geometry  rathe r than mass appears to control the rate at

which a sample tends to outgas. Thus , outgassing two specimens of the same

composition and of the same weight fo r  a given period of time may lead to

widely d i f f e r ing  total mass loss and volatile condensable mater ia l  percentages .

This difference results because diffusing molecule s wil l  take longer  to reach

the surface for an outgassing specimen with a small surface-to-volume ratio

than for one that has a large surface-to-volume ratio.
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